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Abstract: This study aims at assessing the short term control of the Cardio Vascular system (CV), through a
physiological test which involves strictly autonomic response: the handgrip isometric exercise, under vagal in-
fluence during the first minute. CVS parameters are extracted from RR and the arterial blood pressure (ABP)
signals, respectively giving frequency and amplitude information on the CVS. Mean time series, spectral values
and baroreflex sensitivity (BRS), seen as the spectral controller gain between RR and ABP, help to approach the
underlying mechanisms of the autonomic control. Results give evidence of two major effects:
- The relation between heart rate and contractility (positive staircase or Treppe effect).
- The drop of BRS, due to the decrease of heart variability.
Key-words: Autonomic Nervous System, Cardiovascular System, Cardiovascular Variability, Baroreflex Sensi-
tivity, Treppe effect, positive staircase
Contrôle à court terme du système cardiovasculaire:
Evaluation avec l’exercice isométrique du handgrip
Résumé : Cette étude s’intéresse au contrôle à court terme du Système CardioVasculaire (SCV) à travers un test
physiologique qui déclenche des réponses strictement autonomiques: l’ exercice isométrique ou “Handgrip test”,
sous influence parasympathique pendant la première minute. Des paramètres du SCV sont extraits des signaux RR
et de pression artérielle, donnant respectivement les informations en fréquence et en amplitude du SCV. Les valeurs
temporelles moyennes, spectrales et la sensibilité baroréflexe, vue comme le gain spectral entre RR et ABP, aident
à comprendre les mécanismes sous-jacents du contrôle autonomique. Les resultats mettent en évidence deux effets
majeurs:
- La relation entre fréquence cardiaque et contractilité (escalier positif ou effet Treppe).
- La chute de la sensibilité baroréflexe, due à la diminution de la variabilité cardiaque.
Mots-clés : Système Nerveux Autonome, Système Cardiovasculaire, Variabilité Cardiovasculaire, Sensibilité
Baroréflexe, relation fréquence-force, effet Treppe,escalier positif
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1 Background
1.1 Short term control of the cardiovascular system (CVS) by the autonomic nervous
system (ANS) at rest
The ANS regulates blood flow with respect of pressure constraints. This regulation at rest is seen as a closed loop,
where the ANS is the controller, the baroreceptor the sensor and the heart the actuator and is usually called the
baroreflex [36].
The intrinsic cardiac depolarisation is propagated through the conduction network: from the atrial sinus node
(i.e, the cardiac pace-maker), to the atrio-ventricular node, the His bundle and the Purkinje fibers (Fig.1). Contrac-
tile cells do not initiate their own action potential, but the excitation is propagated by gap junctions which allow
rapid conduction and coordinated contraction (Fig.2).
The two components of the ANS have antagonist direct actions on the heart; the sympathetic tone increases
heart rate (chronotropic effect on the sinus node), conduction (dromotropic effect on the atrio-ventricular node) and
contractility (inotropic effect on the myocardial cells), while the parasympathetic (or vagal) has only chronotropic
and dromotropic direct negative effects (Fig.3). Sympathetic and parasympathetic effects on heart function are
mediated by beta-adrenoceptors and muscarinic receptors, respectively. The vagal fibers have afferences to the
sinus node and the atrio-ventricular node, thus only at the atrial level. The sympathetic fibers have afferences on
all the myocardiac cells [25], [22], [3]. They act through the sinus node on the conduction network but also on the
myocardial cells in the atrium and the ventricle.
At rest, the heart is continuously modulated by these two autonomic components and the parasympathetic
inhibition is larger than the sympathetic stimulation (Fig.5). The intrinsic spontaneous heart rate is around 100-
110 bpm. The parasympathetic influence slowers the resting heart rate down to 60-80 bpm while the sympathetic
influence increases it to 200 bpm during heavy exercise (Fig.6). There is reciprocal inhibition between the two
ANS components (Fig.4).
Vessels are under sympathetic influence, which increases peripheral vasoconstriction.
1.1.1 Chronotropic action of the ANS on the sinus node: heart rate modification
In autorhythmic cells, the pacemaker potential is unstable and determined by ionic currents: Na+ inward, K+
outward, Ca2+ inward (Fig.7,8). The ANS modifies the ionic currents. The parasympathetic nerve stimulation: a-
increases the K+ conductance (increased K+ efflux), resulting in hyperpolarisation of cells, lowering the DMP;
b- decreases the Ca2+ current (decreased Ca2+ influx), slowing the depolarisation rate of the PP, leading to brady-
cardia (Fig.9,10). The sympathetic nerve stimulation increases slow Ca2+ inward and Na+ inward, increasing
the slope of PP; at the same time the threshold potential, TP, is lowered leading to tachycardia (Fig.10).
1.1.2 Inotropic action of the ANS on the myocardial cells: heart contractility modification
Increase in contractility is due to increase in cytosolic Ca2+. A direct inotropic action is produced by adrenergic
beta1 receptors. Meanwhile, an indirect inotropic action can be induced by an increase in heart rate (Fig.3). Cardiac
acceleration reduces the diastole duration and thus decreases the Ca2+ outward, leading to a higher Ca2+ con-
centration in the cytosol. Cardiac deceleration has the opposite effect, leading to a decrease in intracellular Ca2+,
thus in contractility. Mechanisms underlying this action, so called “treppe” or “positive staircase” effect, are under
investigation at molecular levels in human normal and failing myocardial cells [1, 61] and in mouse [2, 21, 17].
Mohrman and Heller (page 45-46) and Katz (pages 323-324, Physiology of the Heart, 2nd ed., by Arnold M. Katz,
Raven Press, 1992.) also discuss the underlying mechanisms that account for this intrinsic regulatory phenomenon.
Other references: http://www.cvphysiology.com/ (Richard E. Klabunde); http://www.sfu.ca/, Lecture Notes from
INRIA
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Silverthorn, D.U. (2003) Human Physiology: An integrated approach, 3rd Edition; Atlas de poche de physiolo-
gie, S. Silbernagl, A. Despopoulos, Flammarion, 3rd Edition; Comprendre la physiologie cardiovasculaire, E.P
D’Alché, Flammarion, 2nd Edition.
Figure 1: Intrinsic Conduction System of the heart
1.2 The handgrip test
Isometric exercise is well suited to investigate short term control of the cardiovascular system by the ANS: at any
rate of maximum voluntary contractions (MVC) the static handgrip alters the baroreflex functionning, bringing
about marked increases in heart rate and arterial pressure. The cardiovascular response within the first minute is
driven to the heart through a rapid parasympathetic withdrawal, without consistent sympathetic activation. On
the contrary, a vasodilatation occurs in the nonexercising forearm at the beginning of isometric exercise, due
to cholinergic mechanisms, showing a dissociation between sympathetic nerve activity and forearm vascular re-
sponses [53]. The sympathetic activation then depends on the duration and intensity of the exercise: mild to
moderate-intensity exercises (for Hansen, from 20 to 33% MVC) do not evoke sympathetic activation contrary to
high-intensity exercises (for Hansen 45% MVC) [14], [56], [58], [57], [65], [23], [62], [64], [52].
1.2.1 Alteration of the short term controller mechanisms
This cardiovascular response is thought to be mediated by two fast mechanisms (Fig.11):
First, the voluntary central command, arising at the onset of any kind of exercise, leads to a synchronous
activation of the motor and cardiovascular systems [?], [15], [29], [38]. This activation results in an indirect
but very fast stimulation of cardiovascular centers by descending collateral signals [?], [16], [15], [29], [66], as
RR n° 5234
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with gap junctions
Intercalated disk 
Cells of SA node
Contractile cells
Figure 2: Autorhythmic and contractile cardiac cells
Figure 3: Global heart control: mechanical, autonomic and hormonal. Autonomic control influences heart rate
and contractility. Heart rate influences contractility.
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A B
Figure 4: A: reciprocal inhibition between sympathetic and vagal medullary centers. B: baroreceptors location
and innervation.
Figure 5: Resting autonomic control of heart rate. Atropine is a parasympathetic antagonist, propanolol a sympa-
thetic antagonist.
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Figure 6: Heart rate: intrinsic rate and autonomic influence
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Figure 7: Superposed pacemaker and ventricular fibers ionic currents. ANS influences the unstable resting poten-
tial of the pacemaker fiber and the action potential of the ventricular fiber.
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Figure 8: Details of ionic durrents for the two cells.
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Figure 9: Pacemaker activity
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Figure 10: Autonomic influence on the resting pacemaker potential (PP).
though the system anticipated the hypothetical oxygen muscle needs. Therefore this mechanism can be considered
as a feedforward.
Second, a peripheral stimulation of ergoreceptors (mechanoreceptors) [31], [47] sensitive to muscle stretching,
via the afferent nerves (group III and IV fibres) originating in the working muscle group, could participate to the
cardiovascular response via arterial and cardiopulmonary baroreflexes [51]. Therefore this mechanism can be
considered as a feedback.
1.2.2 Sensor modification involved in the handgrip test
As a result in those two cases, the operating point of the baroreflex response curve rapidly offsets to higher values
of aortic and carotid sinus pressures [44], [49]. So, the prevailing blood pressure is “read” as lower than the
new operating point due to the offset, and before any change in needs for oxygen, the arterial baroreflex triggers
increases in heart rate, blood pressure and thus in cardiac output (Fig.12,13). .
Our aim is to better understand the autonomic behavior during a one minute handgrip test, through cardiovas-
cular parameters alterations. Indeed, the first minute of an handgrip test is an exceptional physiological condition
of pure parasympathetic response, resulting in cardiac acceleration, blood pressure augmentation and alteration of
cardiovascular parameters variabilities. Very few studies have utilised heart rate variability (HRV) during handgrip
exercise [23], [24]. This study analyses not only heart rate variability but also blood pressure variability. The
spectral gain between heart rate and arterial blood pressure, considered as input and output of the baroreflex loop,
could provide a useful insight in neural autonomic control of the cardiovascular system.
INRIA
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Figure 11: Cardiovascular centers implied in the baroreflex offsetting
Figure 12: Baroreflex response curve at rest
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Figure 13: Offset of the baroreflex response curve during the handgrip test
2 Meaning of cardiovascular parameters
2.1 Cardiovascular variability
RR variability reflects beat-to-beat modulation by sympathetic and parasympathetic cardiac afferents. RR high-
frequency (HFRR) reflects mostly vagal modulation ( [26], [27], [40] ) and relates to respiratory oscillations
whereas RR low-frequency (LFRR) seems to depend upon both sympathetic and parasympathetic modulations
( [10], [18], [26], [45] ).
The blood pressure low-frequency component (LFABP ) is considered as a marker of vascular sympathetic mod-
ulation ( [40], [9] ) whereas the HF blood pressure component (HFABP ) reflects the mechanical influence of the
respiration on the CV system ( [45] ).
2.2 Mean heart rate and heart rate variability
They provide different informations on the autonomic nervous system (ANS) behavior. Various experiments, de-
scribed in [36] suggest that they could be controlled by two different mechanisms ( [35], [30], [28], [13] ).
RR variability could represent the sympathovagal modulation to the sinus node activity whereas mean RR could
represent the tonic neural control, a global measure of the sympatho-vagal tone. To have an overview of the sym-
pathovagal balance, RR-interval can be estimated by normalised spectral values, such as HFnuRR, LFnuRR
or HFRR/LFRR. So, normalised units represent the concept of a balance beam pivoted around its center, that
corresponds to mean RR value. Nowadays, non invasive estimation of cardiac nerves activity is mainly based
upon results obtained from RR relative spectral power. The meaning of spectral absolute values is still now poorly
understood and therefore very often neglected.
In this study, we propose an hypothesis which takes into account the differences between mean RR and RR vari-
ability behavior, and which could explain the spectral absolute values behavior.
INRIA
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2.3 Baroreflex sensitivity (BRS)
BRS can be seen as the controller gain between ABP and RR, considering the ABP as one of the inputs and the RR
as one of the outputs of the baroreflex system, with a linear input-output relationship. The figure 14 shows the two
transfer functions Hhemo and Hcontr: Hhemo is the hemodynamic transfer from (RR,nRR,Rcentr) and ABP and
Hcontr is the neural feedback transfer from (ABP,nABP ,Rmech) and RR. The baroreflex sensitivity is represented
by Hcontr.
The respiratory activity can have a central effect, directly leading to respiratory sinusal arrythmia (RSA) and
through Hhemo, to ABP oscillations; and a mechanical effect, directly leading to ABP oscillations, and through
Hcontr, to RSA. BRS, defined as the controller gain between SBP and RR, presumes a permanent and linear
association between them. A minimal central direct influence of respiration is supposed, so that RR is related to
SBP in a linear way ( [39]).
BRS is a frequency-band dependent phenomenon revealing different autonomic mechanisms ( [28], [46], [48]).
The long term BRS (gLFSBP , gLFDBP ) acts on slow CV oscillations (Mayer waves, around 10 s), whereas
the short term BRS (gHFSBP , gHFDBP ) acts on fast CV oscillations, related to breathing oscillations. Both
measurements together give a better insight on the cardiovascular autonomic control (18). In day-time studies,
BRS has been assessed in both the LF band ( [19], [39], [42], [50], [9] ) and HF band ( [28], [39], [48] ).
Respiratory activity
contrH
hemoH
mechanical
effect
central
effect
RR
Rcentr
ABP
Cardiovascular system
Rmech
Figure 14: Simplified diagram of closed-loop neural reflex with only the control of the ABP made by RR-interval.
Hhemo is the hemodynamic transfer from (RR,nRR,Rcentr) and ABP and Hcontr is the neural feedback transfer
from (ABP,nABP ,Rmech) and RR.
3 Physiological methodology: subjects, protocol and data acquisition
3.1 Subjects
Height healthy male subjects gave a written informed consent to participate in this study. The subjects were non-
smokers and none was taking any medication. The experimental protocol and consent form were approved by the
university review board for health sciences research involving human subjects.
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3.2 Physiological protocol
Each of the subjects exercised at the same time of the day. Prior to the experiment the subject was instructed to
avoid strenuous exercise within the day preceding the test date, to have only a light meal, and to restrain from
beverages containing caffeine for 12h preceding the test. After entering the test room, each subject sat on a
comfortable armchair. The handgrip dynamometer was constituted of a calibrated strain gauge fitted to an anatomic
handle. As a warm-up the subject performed a ramp of 5 seconds graded voluntary contractions, broken by
one-minute recovery phases between two contractions. The subject can assess his strength by a visual feedback
(biofeedback) through an oscilloscope display (PowerLab, ADInstruments, Australia). Step increase was 10 daN,
with a 30 second recovery between two steps, until maximum voluntary contraction (MVC) was reached. The
warm-up enables us to determine the precise level corresponding to 40 % MVC. After an interval of about 5 min,
the subject performed the test constituted of five successive 60 seconds phases of isometric handgrip exercise at
40% MVC, broken with 2 minute bouts of recovery between two handgrip phases.
3.3 Data acquisition
During warm-up and test, ECG, continuous blood pressure, ventilatory outflow and strength were monitored and
recorded at a 1000 Hz-sampling, using an A/D apparatus (PowerLab, ADInstruments, Australia).
4 Signal processing methodology
The data were processed in LARY-C, a software package dedicated to the study of cardiovascular and respiratory
rhythms, developed in the SCILAB_SCICOS environment [37]. The theorical aspects of the implemented methods
refers to the INRIA Research Report “Short-term control of the cardiovascular system: modelling and signal
analysis” no4427 (http://www.inria.fr/rrrt/rr-4427.html) [36].
4.1 Preprocessing: events detection, resampling and filtering
For building the RR time series, an adaptive threshold algorithm was applied to the derivative of the ECG. SBP was
determined by a modified version of Pan’s algorithm [41] and DBP was the first minimal diastolic point detected
preceeding the SBP value, on the raw arterial blood pressure. The resulting signals, RR time series, SBP and DBP
time series and the raw Force signal were then resampled at 4 Hz, by spline interpolation. Then, for improving
FFT results, we applied a Finite Impulsionnel Response filter (FIR filter) before FFT calculation, to keep only
frequency bands of interest, fixed in [0.03 - 0.5] Hz; the corresponding SCICOS block is WFIR on the figure 15.
4.2 Spectral Evaluations and Baroreflex Sensitivity
4.2.1 Spectral Evaluations
A 128-point FFT, overlapped by half, was applied to CV data segments, to obtain CV parameters on 32 seconds
bouts. A smoothing of the power spectral density (SPSD) with a 5-points rectangular moving average was applied
to reduce spectral variance and to provide the Smoothed Power Spectral Density for each RR, SBP/DBP spectrum
(block smooth on fig.15).
4.2.2 Baroreflex Sensitivity
As described in the background, BRS assumes a linear association between RR and ABP. So, we first performed
a Cross Spectral Analysis between RR and SBP/DBP to assess the Coherence Function between SBP/DBP and
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RR. Coherence function in (0;1), provides an estimation of the degree of linearity between two signals. Only
epochs with coherence values greater than 0.5, validating the hypothesis of linearity, allowed the computation
of the averaged gain (blocks Cross Spectral Density, Coherence Function, Gain Function on fig.15). The figure
16 gives an example of the Coherence and Gain between two synthetic signals, selected in the [0.05 - 0.15]Hz
frequency band.
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Figure 16: Spectral features of the SPSD, Coherence and gain
4.2.3 Spectral evaluation and Baroreflex Sensitivity in HF and LF bands
Spectral components, Coherence and Gain were then extracted in the two frequency bands of interest, HF and LF.
Breathing frequency (BF) was estimated for each subject, looking at the high frequency component in their RR
spectrum. For all the subjects, BF was contained between 0.15- 0.5 Hz, allowing us to define a global HF band as
[0.15 - 0.5] Hz. The central frequency (CF) of the HF spectrum of the RR time series and it’s dispersion around
INRIA
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CF were calculated. The dispersion index (DI) provides an estimation of the regularity of the breathing activity;
DI takes values in (0;1). The more regular is the breathing activity, the smaller the DI is. LF band was fixed to
[0.03 - 0.15Hz), according to the Task Force [11]. The power of the LF and HF components were computed as
the area under SPSD in each band. RR spectral components were expressed in absolute values (LFRR, HFRR), in
values normalised by the sum of LFRR and HFRR (LFRR, HFRR), as ms2/Hz; LFBP , HFBP were expressed
as mmHg2/Hz. The gains gHFSBP , gLFSBP ,gHFDBP , gLFDBP were expressed as ms/mmHg.
4.2.4 Mathematical equations
Refer to the Research Report [36], [33], [35].
Spectral global evaluation
• Complex Spectrum X(k∆f) =
N−1∑
i=0
xi wi e
−j2πk∆fiTo
Where N=256 points, To = 0.5 s is the time-step of the resampled data series, wi stands for i-th value of
256-Hanning window and ∆f = 1/T = 0.008Hz is the discrete frequency step (or spectral frequency
resolution).
• Smoothed Power Spectral Density D̄xx(k∆f) = 1M+1
k+ M
2∑
l=k− M
2
Dxx(l∆f) in which M is odd (we fixed M=5).
• Smoothed Cross Spectral Density D̄xy(k∆f) = 1M+1
k+ M
2∑
l=k− M
2
X∗(l∆f)Y (l∆f)
• Gain Function |Hxy(k∆f)| =
|D̄xy(k∆f)|
D̄xx(k∆f)
• Coherence Function γ2xy(k∆f) =
|D̄xy(k∆f)|
2
D̄xx(k∆f)D̄yy(k∆f)
Parameter evaluation in HF and LF bands
• Energy: xFB =
∑
k∆f∈FB D̄xx(k∆f)
1
x̄
• Gain: gainFB = 1LF B
∑
k∆f∈FB |Hxy(k∆f)|
x̄
ȳ
• Coherence: coherenceFB = 1LF B
∑
k∆f∈FB γ
2
xy(k∆f)
where the frequency band FB can be HF or LF, LFB the bandwidth and x̄ ȳ the signal averages.
4.3 The Smooth Pseudo Wigner-Ville Distribution (SPWVD)
The SPWVD is a time frequency method, useful to follow the time “instantaneous” changes in spectral components
of a signal. The SPWVD is defined as:
• SPW N,Mx (n, ω) =
∑+∞
m=−∞ gM (m)
∑+∞
k=−∞ h
2
N (k) x(n + k + m) x
∗(n − k + m) e−j2ωk
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where N and M stand for the window sizes of hN and gM respectively. The window gM (m) determines the
number of spectra involved in the average and hence the effectiveness for cross term suppression. The window
hN (k) determines frequency smoothing of the SPWVD. Therefore, the two windows gM (m) and hN (k) perform
smoothing in the time and frequency directions, respectively ( [36], [34]).
In this study, SPWVD was used to visually underline the results which were separately obtained by FFT on hand-
grip and recovery stationary bouts. Indeed, changes in amplitude and frequency of the HF and LF CV components
are continuously followed over all handgrip and recovery bouts (see fig.21, 22, 23).
4.4 Statistical analysis
Non parametric paired Wilcoxon tests were choosen, as they do not require the normality of the distribution, nor
the equality of the variances. Indeed, they are based on rank and no on mean tests. They are robust for little
samples [6]. They were applied on the mean RR and ABP values, spectral components and gains. All results are
expressed as means and standard-deviation.
The 32 seconds FFT epochs were selected as following: first, consecutive epochs were discarded to avoid redun-
dancy (they were overlapped by half) and epochs with coherence lower than 0.5. Then, the correct epochs were
averaged over the second, third and fourth handgrip bouts, and over the following recovery bouts. It seems that the
2, 3 and 4th bouts exhibit comparable CV effects. For the first handgrip bout, CV reactions were often smaller and
for the fifth, the exhaustion is probable.
5 Results
5.1 Mean cardiovascular values
Mean RR values are significantly lower during handgrip than during recovery bout: 811 versus 1025 ms. Mean
ABP values are significantly higher during handgrip than recovery bouts: 183 versus 148 mmHg for SBP, 99
versus 80 mmHg for DBP. See Table 1 and Figure 17. Figure 17 shows mean RR and ABP time series during five
successive one minute handgrips separated by two minutes recovery bouts, in one subject. This subject exhibits
particularly clear reactions of withdrawal/stimulation of the vagal control on the heart and consequently on the
ABP.
On the RR time series the suppression of the vagal brake provokes a more progressive cardiac reaction (acceler-
ation) at the beginning of the handgrip than its recovery (deceleration) at the end. There is a reactional enhancement
of the vagal activity at the beginning of the following recovery bout. A zoom on two handgrip followed by two
recovery bouts (Fig.18) shows an augmentation of the amplitude in breathing oscillations (P=4 seconds) in the first
40-50 seconds of the recovery bouts.
The changes in SBP time series are very close to changes in heart rate, in timing as well as in slopes: FC
acceleration/SBP augmentation and FC decceleration/SBP diminution. On Figure 19 the RR time series was
converted in heart rate (HR time series), RR and SBP time series were pass-band filtered between 0.001 and 0.03
Hz to better compare the global changes in the two signals. Morever, zooming on the instant of the vagal brake
recovery, Figure 20 shows on the raw signals the very fast SBP response to the FC decceleration (< 2s, i.e < 3
heart beats).
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Figure 17: RR, HR, SBP, DBP time series during five handgrip bouts separated by recovery bouts, in one subject.
Handgrip bouts are located by the force signal at the bottom. RR time series decreases, HR and the two ABP time
series increase during handgrip bouts.
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Figure 18: Zoom on the RR time series of one subject during two handgrip bouts (H) followed by two recovery
bouts (R). The arrows underline the augmentation of the amplitude of breathing oscillations at the beginning of the
recovery bout.
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Figure 19: HR (continuous line) and SBP ( dashed line) filtered time series of one subject during 5 handgrip bouts
(H). The timing and the slopes of their changes are very close.
INRIA
Short term control of the cardiovascular system: Assessment with the isometric handgrip exercise. 21
time (s)
110
30 110
190
SBP (mmHg)
0 70
RH
 1.8 s
HR (bpm)
95
70
Figure 20: HR (continuous line) and SBP (dashed line) time series of one subject during the transition between an
handgrip and a recovery bouts (H); The SBP response follows the HR by less than 2 seconds.
5.2 Cardiovascular variability
The power spectral values exhibit a strong difference between cardiac and arterial parameters changes in HF
and LF bands during recovery versus handgrip bouts. The RR power spectral parameters (HFRR and LFRR)
significantly fall together during handgrip bouts whereas the ABP power spectral parameters (HFSBP LFSBP ,
HFDBP LFDBP ) do not significantly change (Table 1 and Fig.24). Figures 21 and 22 illustrate these results,
showing the time evolution of the instantaneous amplitude of the HF and LF components of the CV signals, over
three handgrip and four recovery bouts of one subject.
The central frequency (CF ) of the HF spectrum and its dispersion (DI) in the RR and SBP time series exhibit no
significant changes between recovery and handgrip bouts. Table 2 gives the mean values measured on epochs with
coherence greater than 0.5 whereas Fig.23 shows the instantaneous frequency and amplitude in HF RR over all the
protocole in one subject.
5.3 Baroreflex sensitivity
All gains significantly fall from recovery to handgrip bouts (Table3).
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Figure 21: Instantaneous HF and LF spectral parameters for RR time series, during three handgrip bouts separated
by recovery bouts, in one subject. Handgrip bouts are located by the force signal at the bottom. HF and LF
amplitude fall during handgrip bouts.
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Figure 22: Instantaneous HF and LF spectral parameters for SBP time series during three handgrip bouts separated
by recovery bouts, in one subject. Handgrip bouts are located by the force signal at the bottom. HF and LF
amplitude have no significant change between recovery and handgrip bouts.
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Figure 23: Instantaneous HF frequency and amplitude for RR time series during five handgrip bouts separated by
recovery bouts, in one subject. Handgrip bouts are located by the force signal at the bottom. HF amplitude falls
during handgrip bouts whereas HF frequency does not show significant change.
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Figure 24: Mean values of the power spectra in HF (green) and LF (blue) bands. The left picture concerns RR
(HFRR,LFRR), the right picture concerns SBP (HFSBP ,LFSBP ); R stands for Recovery and H for handgrip
bouts.
20
0 0
30
RR/SBP gain (ms/mmHg) RR/DBP gain (ms/mmHg)
HF LFHF LF
R
H
R
R
R
H
H
H
**
**
*
*
Figure 25: Mean values of the BRS in HF (green) and LF (blue) bands. The left picture represents gain between
RR and SBP (gHFSBP and gLFSBP ), the right picture represents the gain between RR and DBP (gHFDBP and
gLFDBP ); R stands for Recovery and H for handgrip bouts.
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Values Recovery Handgrip Wilcoxon p
Mean values
RR 0.1025E+04 ± 0.81E+02 0.811E+03 ± 0.53E+02 ** 0.01
SBP 0.148E+03 ± 0.6E+01 0.183E+03 ± 0.3E+01 ** 0.01
DBP 0.80E+02 ± 0.3E+01 0.99E+02 ± 0.2E+01 ** 0.01
Power spectral values
HFRR 0.5E+07 ± 0.2E+07 0.15E+07 ± 0.6E+06 ** 0.01
LFRR 0.75E+07 ± 0.25E+07 0.42E+07 ± 0.2E+07 * 0.02
HFSBP 0.2E+05 ± 0.1E+05 0.19E+05 ± 0.4E+04 NS
LFSBP 0.52E+05 ± 0.14E+05 0.63E+05 ± 0.25E+05 NS
HFDBP 0.98E+04 ± 0.5E+04 0.48E+04 ± 0.2E+04 NS
LFDBP 0.3E+05 ± 0.7E+04 0.25E+05 ± 0.65E+04 NS
Power normalized spectral values
HFnuRR 0.385E+0 ± 0.45E-01 0.306E+0 ± 0.67E-01 NS
LFnuRR 0.615E+0 ± 0.45E-01 0.694E+0 ± 0.67E-01 NS
HFnuSBP ) 0.253E+0 ± 0.29E-01 0.309E+0 ± 0.62E-01 NS
LFnuSBP 0.747E+0 ± 0.29E-01 0.691E+0 ± 0.62E-01 NS
HFnuDBP 0.162E+0 ± 0.33E-01 0.181E+0 ± 0.4E-01 NS
LFnuDBP 0.839E+0 ± 0.33E-01 0.819E+0 ± 0.4E-01 NS
Table 1: Mean values and power of spectral components of CV variables. Values are expressed as mean and
Standard Error to Mean (SEM). RR unit is ms, LFRR, HFRR, LFnuRR, HFnuRR units are ms2/Hz. ABP
unit is mmHg, LFBP , HFBP , LFnuBP , HFnuBP units are mmHg2/Hz. Significance: * 0.05>p>0.01; **
0.01>p>0.001; NS p >=0.05. See Table of acronyms 6.
Mean values RR SBP
CFRecovery 0.237E+0 ± 0.12E-01 0.228E+0 ± 0.67E-02
CFHandgrip 0.223E+0 ± 0.22E-01 0.206E+0 ± 0.1E+0
DIRecovery 0.105E+0 ± 0.15E-01 0.114E+0 ± 0.17E-01
DIHandgrip 0.110E+0 ± 0.18E-01 0.088E+0 ± 0.17E-01
Table 2: Central Frequency (CF) and Dispersion Index (DI) for the HF spectrum in the RR and SBP time series.
CF is expressed in Hz, DI is in (0;1). Values are expressed as mean and Standard Error to Mean (SEM). No
significant difference appears between RR and SBP values neither between recovery and handgrip bout (Wilcoxon
paired test).
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Values Recovery Handgrip Wilcoxon p
gHFSBP 0.195E+02 ± 0.45E+01 0.76E+01 ± 0.176E+01 ** 0.01
gLFSBP 0.121E+02 ± 0.22E+01 0.76E+01 ± 0.166E+01 * 0.02
gHFDBP 0.279E+02 ± 0.40E+01 0.153E+02 ± 0.342E+01 ** 0.01
gLFDBP 0.155E+02 ± 0.24E+01 0.101E+02 ± 0.215E+01 * 0.02
Table 3: Baroreflex sensitivity: gain between RR-interval and arterial blood pressure. Values are expressed as
mean and Standard Error to Mean (SEM), in ms/mmHg. Significance: * 0.05>p>0.01; ** 0.01>p>0.001; NS p
>=0.05. See Table of acronyms 6.
6 Discussion
6.1 On mean cardiovascular values
6.1.1 Positive staircase or treppe effect
Vagal cardiac withdrawal In this study, the treppe effect can be assessed because the first minute of the hand-
grip test stays for the must under only parasympathetic tone withdrawal without marked sympathetic effect. Our
results comfort this knowledge:
The heart rate acceleration is the first change that one can notice, followed by marked ABP augmentation.
Conversely, heart rate deceleration is followed by ABP decrease. The fastness of the RR response at the begining
as well as at the end of the handgrip bout is characteristic of a vagal response. The acceleration begins at the onset
of the handgrip bout and progressively increases throughout this phase, corresponding to vagal withdrawl. The
deceleration suddenly occurs at the offset of the exercise, corresponding to vagal recovery(Fig.17, 18).
The mean RR time series of seven of the height subjects during handgrip bouts: 847 ± 122ms. This range of
heart rate, lower than intrinsic rate, remains for the most in the range of vagal influence (Fig.26).
LFSBP does not show significant difference between handgrip and recovery bouts. This absence of changes
could be explained by the same level of the baroreflex control loop activity, thus by the absence of vascular sym-
pathetic activation. This hypothesis is comforted by another study about voluntary apnea (not yet pubished). The
end of apnea is marked by a peripheral vasoconstriction which leads to an ABP augmentation. An index of this
vasoconstriction is extracted from the Pulse Arterial Tone (PAT) [Itamar Medical] [5]. We found that the increase
in vasoconstriction is strongly related to an augmentation of the LFSBP activity (Fig.27).
So, the fast inotropic (negative or positive) effect on the SBP (diminution or augmentation) depends only on
the chronotropic (negative or positive) parasympathetic effect.
Delays between HR and SBP variations ABP and HR changes are very close as showed on figure 19. We have
focused on the instant of cardiac deceleration because the changes are rapid enough to precisely measure delays
between heart rate and SBP variations. The figure 20 shows the very fast response of the SBP to the sudden cardiac
deceleration at the end of the exercise (< 2s). The treppe effect, i.e direct effect of heart rate on contractility is
described in the physiological introduction. In a middle range of heart frequencies, a cardiac acceleration leads to
an augmentation of the contractility, hence an augmentation of the ejection and ABP amplitude. On the contrary,
a cardiac deceleration leads to a diminution of the ABP amplitude, as shown on figure 28.
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Figure 26: Range of mean heart rate during handgrip bouts.
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Figure 27: Simultaneous time evolution of the parameters implied in sympathetic vacular activation during volun-
tary apnea in one subject: raw SBP, instantaneous LF-SBP and instantaneous index of peripheral vasoconstriction
(VC).
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For all subjects (represented by A) except one (B), cardiac deceleration occurs a few seconds before SBP fall.
For B, SBP fall occurs before cardiac deceleration and constantly when heart rate reachs 115 bpm. The B heart rate
is a lot faster than the others: during the handgrip bout, the maximal heart rate for the seven subjects represented
by A is 88 ± 12 bpm, thus the fastest heart rate does not exceed 100 bpm. For B, the smallest peak is greater than
115 bpm, the maximal is equal to 127 bpm. We could then hypothesise than 115 bpm is the frequency threshold
of the treppe effect for the subject B [17], [21].
Strong linear correlation between HR and SBP For each subject, one bout of simultaneous increasing (de-
creasing) HR and SBP time series was selected. The mean R2 simple regression coefficient was 0.937± 0.050 for
increasing bouts (mean duration 58± 10sec.), and 0.954± 0.036 for decreasing bouts (mean duration 22± 3sec.),
meaning that more than 90 % of SBP variability is explained by HR.
Evaluation of an index of the Stroke volume The mean blood pressure (MBP) is the product of the Stroke
Volume (SV), the Heart Rate (HR) and the peripheral resistances (PR): MBP = SV ∗ HR ∗ PR and SV ∗
PR = MBP/HR. As PR could be lowered by cholinergic mechanisms [53], an increase of the SV-PR product
emphasizes SV increase. The maxima of this SV-RP index for each handgrip bout of seven subjects have been
averaged. The mean SV value is stable over the five handgrip bouts, there is no significance at the non parametric
Friedman test (Table4 and Fig.29). The top of the figures 30, 31 shows the evolution of this SV index, over five
handgrip bouts for 2 different subjects. The first subject exhibits a SV index increase, stabilised from the second
handgrip bout. The second subject exhibits a more progressive SV index increase, stabilised at the fourth exercise.
6.1.2 Repetition effect on the Stroke Work
The Stroke Work (SW) represents the work done by the ventricle to eject blood into aorta. Sometimes, SW is
simplified to SW = SV ∗ MAP , using mean aortic pressure (MAP) instead of intraventricular pressure (in
“Cardiovascular Physiology Concepts”, Richard E. Klabunde, Ph.D.). Considering that MBP is close to MAP,
we can assess the following SW index: SW = SV ∗ MBP . The maxima of the SW index for each handgrip
bout of seven subjects have been averaged. The mean SW value clearly increases over the four first handgrip
bouts, significantly at the non parametric Friedman test (Table4 and Fig.29). The figures 30, 31 show the time
representation of SW over five handgrip bouts followed by recovery bouts for two subjects. We can hypothesise
that an increase in motor unit recruiting in the muscle at exertion occurs with the muscle fatigue. Thus, this
progressive increasing muscle activation entails a parallel increase in HR and SBP [12].
HG 1 HG 2 HG 3 HG 4 HG 5 Friedman p.
SV 1.83 ± 0.15 1.89 ± 0.15 1.92 ± 0.15 1.93 ± 0.15 1.91 ± 0.13 NS
SW 212 ± 20 230 ± 19 245 ± 21 258 ± 28 249 ± 24 ** 0.02
Table 4: Mean and Standard Error to Mean (SEM) of the maximal values for the SV and SW indexes for each
handgrip bout of seven subjects. Significance: * 0.05>p>0.01; NS p >=0.05.
The one-minute handgrip test is the alone physiological condition of cardiac acceleration for which the sym-
pathetic is not involved, hence it is the alone condition to evidence treppe effect on CV signals. The treppe effect
could explain how CV responses in heart rate and in systolic pressure are quasi simultaneous, to correctly adapt
the CV system to sudden changes.
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Figure 28: Heart rate and SBP time series over four successive handgrip bouts. A represents seven of the eight
subjects: HR fall always precedes SBP fall, HR never reachs 115 bpm. B represents one subject: HR fall always
follows SBP fall, SBP fall occurs when HR reachs 115 bpm.
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Figure 29: Mean and standard-deviation of the maximal values for the SVand SW indexes for each handgrip bout
of seven subjects.
6.2 On spectral cardiovascular values and baroreflex sensitivity
6.2.1 On RR spectral values
In various studies, results exhibit an opposition between relatives values of the HF and LF spectral components
(HFnuRR, LFnuRR), underlying the concept of an autonomic balance [36]. This “balance” can shift towards
predominant vagal or sympathetic modulation, according to physiological conditions. The orthostatic head-up Tilt
test exhibits a shift of the autonomic balance towards a sympathetic modulation from supine to standing [4], [20].
It is the same for Sleep from NREM to REM (Rapid Eye Movements) state [35]. Yet absolute values show an HF
decrease for Tilt test and a LF increase for Sleep (see table 5. With the handgrip test, no change in the autonomic
balance is found, whereas HF and LF spectral energies significantly fall together during the handgrip bout. These
results strongly support the necessity of taking into account spectral absolute values in addition to normalised
values, as still debated [36].
6.2.2 On RR and SBP spectral values and Baroreflex Sensitivity
It is surprising to consider that RR absolute spectral values exhibit together a sudden fall whereas ABP values
remain stable from the recovery to the handgrip bout, as if the CV control was dissociated in modulating the
oscillations around RR and ABP mean values.
In high frequency variability The influence of breathing on heart rate and on ABP is mainly mediated by
autonomic central and mechanical peripheric mechanisms [55]. On the RR, the HF spectral power fall is mainly
due to the vagal cardiac withdrawal, dependent on the central mechanism.
The absence of changes in ABP mediated by the mechanical mechanism, are compatible with an absence of
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Figure 30: Time evolution of Stroke Volume (SV), Stroke Work (SW), Mean Blood Pressure (MBP) and Heart
Rate (HR) over five handgrip bouts followed by recovery bouts in subject 1. These parameters are stabilised from
the second handgrip bout.
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Figure 31: Time evolution of Stroke Volume (SV), Stroke Work (SW), Mean Blood Pressure (MBP) and Heart
Rate (HR) over five handgrip bouts followed by recovery bouts in subject 2. These parameters progressively
increase and are all stabilised from the fourth handgrip bout.
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changes in breathing. Indeed, central frequency (CF ), dispersion (DI) and power (HFSBP , HFDBP ) of the HF
spectrum remain constant between recovery and handgrip bouts (Tables 1 and 2.
In low frequency variability Two mechanisms have been proposed: a resonance due to the slow peripheral
sympathetic control loop of vascular resistance in response to beat-to-beat changes in ABP [54], [59], [60], [63])
and a central rhythmic modulation of neural activity ( [7], [32] ). Morever, particular situations of open loop
(pharmacological cardiac blockade, LVA etc) have shown that LF variablity in ABP and RR are not dependent
[59]. In our point of view, these two mechanisms are working together in physiological conditions. The absence
of changes in LFSBP between recovery and handgrip bout could be explained by the same level of the baroreflex
control loop activity, as sympathetic activation is not involved in the first minute of an handgrip test (see paragraph
staircase effect). However, it is difficult to explain how LFRR variability is so attenuated, unless we suppose an
opening of the CV control loop.
Baroreflex Sensitivity The very significant diminution of the gains of the baroreflex loop in high and low fre-
quencies directly depends upon the diminution of RR variabilities.
6.2.3 Cardiovascular control loop with two feedback levels
The figure 32 represents our model of the CV control at the atrial and ventricular levels. In our point of view,
according to autonomic fibers distribution, atrium and ventricle are controlled in frequency and in amplitude.
At atrial level, vagal afferences are concentrated on the sino-atrial node (SAN) and the atrio-ventricular node
(AVN); sympathetic afferences are distributed on all myocardiac cells. At ventricular level, only sympathetic
afferences are distributed (see section one). In this model, the vagal control, concentrated, acts on delays (de-
scribed as dromotropic effect): DTP , delay between the end of repolarisation (T wave) and the beginning of
atrial depolarisation (P wave) and DAV , atrio-ventricular delay. The sympathetic control has distributed inotropic
(IA+, IA−, IV +, IV −), and bathmotropic effects (BV , BA). I+ stands for inotropic effect on contractility during
systole, I− stands for inotropic effect on relaxation during diastole. PP interval is the result of chronotropic effects,
dissociated in bathmotropic and dromotropic.
PP = ρAB + DAV + ρV B + DTP where ρA and ρB stand for constants dependent upon atrium and ventricle.
PP can be decomposed into the intervals PR = ρAB + DAV and RP = ρV B + DTP .
Our results agree with the hypothesis of two dissociated commands in frequency and in amplitude on the
pacemaker node and myocardial tissue. This hypothesis allows to explain at the same time, the changes in the
mean values of RR and ABP signals, the changes in their variabilities in HF and LF and the dependence of LF
upon HF variability. In physiological conditions, the system acts as a closed loop with two feedback levels: a
proportional instantaneous atrial feedback, driven first by vagal control; a proportional integral derivative (PID)
ventricular feedback, driven by sympathetic control. In handgrip test, the massive vagal withdrawal opens the
atrial loop which becomes a feedfoward drive. It allows a very fast response in frequency (RR diminution), and
in amplitude (ABP augmentation) by the mean of the treppe effect. However, as the atrial loop is open, RR
oscillations are attenuated. At the same time, the sympathetic feedback loop at the ventricular level is maintained
on the ABP control, so the ABP oscillations remain stable. The diminution of the baroreflex gain between RR and
ABP naturally results from the opening of the loop.
Thus, the expression of LF oscillations seems depending upon HF oscillations at atrial level in case of open loop:
the mechanism could be a multiplier effect such as if vagal oscillations are inhibited or reduced then sympathetic
oscillations cannot be entirely expressed.
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Figure 32: The CV autonomic control at the atrial and ventricular levels.
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6.3 Towards a better understanding of other conditions
6.3.1 Heart rate variability at exercise
Handrgip is a condition of vagal withdrawal without sympathetic cardiac activation. The two following studies
concern exercise but at two different heart rates; exercise is condition of parasympathetic withdrawal with sympa-
thetic cardiac stimulation, despite peripheral vasodilatation; HRV has the same behavior as in the handgrip test:
simultaneous disappearance of the HF and LF oscillations.
The first study was performed with 11 well trained pubertal subjects, on cycle ergometer below ventilatory
threshold, corresponding to moderate exercise [8]. Figure 33 shows RR and HRV evolution from recovery to
exercise: while RR decreases from 700 ms to 500 ms, HF and LF amplitudes progressively decrease together. RR
is influenced first by vagal withdrawal followed by sympathetic activation (see Fig.6).
The second study was performed with height well trained adults on cycle ergometer above ventilatory threshold
during a square-wave exercise [43]. In this case, heart rate is yet under autonomic influence (from 470 ms to 320
ms) but only under sympathetic cardiac activation (Fig.34). There is no more vagal influence under 500-600 ms
and no more autonomic influence under 300 ms (Fig.6). RR and HRV progressively decrease together, as in the
first study.
These studies support handgrip results and show that, even is the sympathetic is strongly activated, LF oscilla-
tions decrease with HF, due to the opening of the loop.
6.3.2 Baroreflex sensitivity during sleep and head-up tilt test
DBP values were discarded from the discussion as DBP involves vascular passive elements in addition to auto-
nomic influences.
In Sleep Mean RR and ABP remain stable, as there is no particular need to change the level (such as an increase
in oxygene uptake ...). There is only change in LF RR oscillations and thus in the baroreflex gain in low frequency
(gLFSBP ), when shifting from NREM to REM sleep state (Table 5). During REM state the increase neural long
term control could more effectively buffer CV perturbations secondary to bursts of brainstem stimulation during
phasic epochs and could also maintain a strong CV control during longer tonic epochs [35]. The control loop is
close, there is no vagal withdrawal and the sympathetic cardiac activation can be efficient. Thus, the increase in
the LF gain evidences a working regulatory mechanism.
In head-up tilt test To prevent ABP from falling with the standing position, two mechanisms occur: a fast vagal
cardiac withdrawal and a vascular sympathetic activation [4], [20]. Not surprising, RR mean and HFRR values
suddenly fall, exactly as in handgrip bout. LFSBP is increased but LFRR has no change (5). The enhancement of
peripheral resistances provokes a normal activation of the baroreflex loop, explaining the LFSBP increase. When
bringing up the hypothesis of the atrial open loop, it becomes possible to understand the absence of change in the
LFRR oscillations. The atrial loop is open, the cardiac origin of sympathetic stimulation cannot be expressed, but,
instead of its decrease as in the handgrip bout, the residual LFRR could be due to the transmission of a part of the
enhanced LFSBP . As in the handgrip bout, the baroreflex gains are significantly decreased (Table 5).
Interpretation of a combination of four parameters: RR mean, HFRR, gLFSBP , gHFSBP The three stud-
ies, handgrip test, Tilt test, Sleep states, exhibit various changes in mean and spectral values of RR and ABP,
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Figure 33: RR time series and RR variability of a representative pubertal subject during exercise below ventilatory
threshold; RR values decreases from 850 to 500 ms, under vagal withdrawal followed by sympathetic activation.
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Figure 34: RR time series and RR variability of a representative adult subject during exercise above ventilatory
threshold; RR values decreases from 480 to 320 ms, under sympathetic activation.
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according to the underlying mechanisms (vagal/sympathetic cardiac activation/withdrawal, sympathetic vascular
activation).
However, the simultaneous decrease of the four parameters, RR mean, HFRR spectral power, LF and HF gains
seems to provide an univocal information on the controller state. A simultaneous decrease in mean RR and HFRR
is the expression of a vagal withdraw (in stable ventilatory condition) as HFRR is known to reflect only vagal
drive. When this vagal withdraw is important enough to control a strong transition such as in handgrip and Tilt
tests, the controller, by opening the atrial loop, decreases all RR oscillations and thus, necessary lowers the short
and long term gains (gHFSBP , gLFSBP ), whatever SBP oscillations are (Table5).
Handgrip test Tilt test Sleep
Recovery/Handgrip Supine/Standing NREM/REM
Subjects 8 9 12
Mean values
RR ↘* ↘* →
SBP ↗ → →
RR power spectral values
HFRR ↘* ↘* →
LFRR ↘ → ↗
HFnuRR → ↘ ↘
LFnuRR → ↗ ↗
SBP power spectral values
HFSBP → ↗ →
LFSBP → ↗ →
Baroreflex Sensitivity
gHFSBP ↘* ↘* ↗
gLFSBP ↘* ↘* ↗
Table 5: RR and ABP mean values, RR and SBP spectral values comparisons between three studies involving
ANS changes. The stars point out the four parameters together evocative of an atrial feedforward.
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7 Conclusion
The handgrip isometric test only involves vagal response during the first minute. This particular physiological
condition allows us to better understand the CV autonomic control mechanisms implied at the beginning of an
exercise. To anticipate an increase in oxygen needs, the controller elicits an increase in cardiac rate (shortening
of the RR interval) and contractility (SBP increase). Even if oxygen needs remain stable in the handgrip test, the
controller acts ’as if’, that is deleterious for the organism but represents a good model for any kind of exercise,
isometric or isotonic. To respond in emergency, the fastest control, mediated by the vagus nerve, is the first
involved, consisting in a marked withdrawal, to assume the relay with the sympathetic control. This study gives
evidence of two major mechanisms, together involved at the beginning of the handgrip test. The first is the positive
staircase or treppe effect and is revealed by the analysis of RR and SBP raw time series. The second is the
functionning of the controller at two feedback levels, atrial and ventricular, and is revealed by the changes in RR
and SBP variability.
Treppe effect The only direct vagal effect is chronotropic, that could be insufficient to assume an actual increase
in oxygen needs. The treppe effect that correlates contractility to heart rate then takes place to efficiently substitute
the sympathetic inotropic effects. So, at the beginning of an exercise, a vagal withdrawal has effects close to a
sympathetic activation on the heart. The treppe effect is revealed in the two cases of vagal changes: at the beginning
of the handgrip bout, the chronotropic positive effect of the vagal withdrawal elicits an inotropic positive effect;
at the end of the handgrip bout, the chronotropic negative effect of the vagal activation elicits a negative inotropic
effect.
Two feedback levels of control The dissociation between RR and SBP variability during the handgrip test re-
veals the existence of two dissociated commands, in frequency at the atrial level and in amplitude at the ventricular
level. At the atrial level, the controller acts like a feedforward to exert a fast response in frequency and so decreases
RR variability; at the ventricular level, the controller maintains the sympathetic feedback in amplitude and thus
the SBP variability remains stable. It is worth noticing that the stability of the amplitude of the SBP oscillations
agrees with the absence of peripheral resistances activation during the first minute of the handgrip test.
Until now, only two measures for studying the baroreflex loop are avaivable, RR and ABP signals, which allow
us to take into account the inotropic effect and a global chronotropic effect. The R peak represents the ventricular
and not the atrial depolarisation, but it is often the alone event easily detectable from a single ECG derivation. The
access to other ECG events is necessary to precisely detail the dromotropic and bathmotropic effects and the TP
delay. In this way, the dynamic vectocardiography could be useful, simplifying P and T waves detection.
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Acronym Acronym meaning
CV CardioVascular
HR Heart Rate
HRV Heart Rate Variability
ABP Arterial Blood Pressure
SBP, DBP Systolic, Diastolic Blood Pressure
MBP Mean Blood Pressure
SV Stroke Volume
SW Stroke Work
BF Breathing Frequency
ANS Autonomic Nervous System
BRS Baroreflex Sensitivity
HFX , LFX High, Low Frequency spectral power of X (RR, ABP)
HFnuX , LFnuX High, Low Frequency spectral power in normalised units
CFX Central frequency of the X (RR, SBP) spectrum in HF
DIX Dispersion Index of the X (RR, SBP) spectrum in HF
gHFABP , gLFABP High, Low Frequency gain between SBP and DBP and RR
gHFSBP , gLFSBP High, Low Frequency gain between SBP and RR
gHFDBP , gLFDBP High, Low Frequency gain between DBP and RR
Table 6: Table of acronyms
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